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ABSTRACT   
 Recently, photoacoustic imaging has been intensively studied for blood vessel imaging, and shown its capability 
of revealing vascular features suggestive of malignancy of breast cancer. In this study, we explore the feasibility of 
visualization of micro-calcifications using photoacoustic imaging. Breast micro-calcification is also known as one of the 
most important indicators for early breast cancer detection. The non-ionizing radiation and speckle free nature of 
photoacoustic imaging overcomes the drawbacks of current diagnostic tools – X-ray mammography and ultrasound 
imaging, respectively. We employed a 10-MHz photoacoustic imaging system to verify our idea. A sliced chicken breast 
phantom with granulated calcium hydroxyapatite (HA) - major chemical composition of the breast calcification 
associated with malignant breast cancers - embedded was imaged. With the near infared (NIR) laser excitation, it is 
shown that the distribution of ~500 μm HAs can be clearly imaged. In addition, photoacoustic signals from HAs rivals 
those of blood given an optimal NIR wavelength. In summary, photoacoustic imaging shows its promise for breast 
micro-calcification detection. Moreover, fusion of the photoacoustic and ultrasound images can reveal the location and 
distribution of micro-calcifications within anatomical landmarks of the breast tissue, which is clinically useful for biopsy 
and diagnosis of breast cancer staging. 
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1. INTRODUCTION  
 The widespread use of screening mammography has resulted in dramatically increased detection of ductal 
carcinoma in situ (DCIS) which causes challenges in both diagnosis and treatment. However, X-ray mammography is 
with ionizing radiation and thus there is inevitably carcinogenic risk. Although ultrasound (US) owns advantage of good 
diagnostic accuracy over X-ray mammography for the patients with dense breasts, it has not been an acceptable 
screening modality because of the poor detection of micro-calcifications – an important feature of DCIS on 
mammography1. Speckle noise results in low US contrast between breast tissues and micro-calcification. Thus, the 
detection of micro-calcifications challenges both the performance of medical US systems and the skill of physicians in 
daily diagnosis of breast cancer2.  Photoacoustic (PA) imaging not only overcomes the drawbacks of both mammography 
and US but also takes the advantages of wavelength selective high optical contrast and high ultrasonic resolution. 
Preclinical studies of human breast cancer have shown that near-infrared (NIR) PA imaging can reveal vascular features 
suggestive of malignancy 3,4. In this study, we report on the first demonstration of photoacoustic imaging for micro-
calcification detection. We employed a 10-MHz photoacoustic imaging system to verify our idea, and it is shown that the 
distribution of ~500 μm HAs can be clearly imaged.I n addition, photoacoustic signals from HAs rivals those of blood 
given an optimal NIR wavelength. 
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2. EXPERIMENTAL SETUP  
 A 10MHz dark-field backward-mode confocal photoacoustic imaging system was used to verify our idea in this 
study5. An optical parametric oscillator (Surlite OPO Plus, Continuum, USA) pumped by a frequency-tripled Q-switched 
Nd:YAG laser (Surlite II-10, Continuum, USA) was employed to provide laser pulses with a pulse width of ~4 ns, a 
pulse repetition rate of 10 Hz, and wavelengths from 750 nm to 850 nm. Laser energy was delivered by a 1-mm 
multimode fiber. The fiber tip was coaxially positioned with a convex lens, an axicon, a plexiglass mirror, and a 10-MHz 
focused ultrasonic transducer (v312, Olympus, USA) on an optical bench, which created dark field illumination and 
made the light confocal with the ultrasonic transducer. The optical bench was fixed on a three-dimensional precision 
translation stage, upon which the x- and y-axes were motorized and the z-axis could be manually adjusted with a 
micrometer. The 10-MHz ultrasonic transducer had a -6dB fractional bandwidth of 110%, a focal length of 14 mm and a 
6 mm active element, offering an axial resolution of 157μm and a lateral resolution of 293μm in PA mode. This system 
had a 6-mm penetration depth, which was limited by the focal length of the transducer and optical alignment. The PA 
signals received by the 10-MHz transducer were pre-amplified by a low-noise amplifier (AU-3A-0110, Miteq, USA), 
cascaded to an ultrasonic pulser/receiver (5073 PR, Olympus, USA), low-pass filtered, digitized by a PC-based 14-bit 
analog to digital (A/D) card (CompuScope 14200, GaGe, USA), sampled at 200 MHz, and then stored in the PC. Before 
any further signal processing, signals from a photodiode (DET36A/M, Thorlabs, USA) were used to compensate for PA 
signal variations caused by laser-energy instability. Note that the amplitudes of the envelope-detected PA signals were 
used in the study. 
3. EXPERIMENTAL RESULTS  
 A chicken breast phantom experiment was also conducted to demonstrate capability of photoacoustic imaging 
of micro-calcifications.  In this case, 20 times signal averaging was performed, and the incident energy density on the 
sample surface was less than 20 mJ/cm2. Pulsed laser with 750-nm wavelength was used here, which is optimized to 
obtain strong signals from calcification particles. In addition, 750-nm light was in the NIR window  and thus was 
selected due to relatively lower absorption of hemoglobin, lipid and water in this window6,7. The granulated calcium 
hydroxyapatite (HA) particles were served as calcification particles in this study because HA is the major chemical 
composition of the breast calcification associated with both benign and malignant breast tumor 8. To show that HAs were 
capable of generating PA signals comparable to those of blood – a dominant optical absorber in human tissue,  the PA 
signals from HAs were compared with those from blood. The chicken breast phantom was composed of six HA particles 
with size of ~500 μm and 1 mm, a blood loaded tube, and two slabs of chicken breast tissue. Fig. 1(a) shows the 
placement of the HA particles and blood-loaded tube on the bottom slab of chicken breast tissue before being covered by 
another slab of chicken breast tissue of 2 mm in thickness. The PA and US B-scan images acquired at the scanning 
position indicated by the dashed arrow line in Fig. 1(a) are shown in Figs. 1(b) and 1(c), respectively. From the US B-
scan image, bounced back signals from the blood-loaded tube wall and the ~1mm HA particle are apparent, and there is 
shadowing effect behind both the ~1mm HA particle and plastic tube. However, the ~500 μm particle is barely identified 
because of speckle noise. On the contrast, the HA particles of both sizes and blood can be clearly identified from the 
speckle free PA B-scan image as shown in Fig. 1(b) where the blood itself instead of tube wall is shown at the blood tube 
position. The strong surface signals may come from the invisible micro-bubbles embedded in the surface of the chicken 
breast phantom during sample preparation. The signal under the ~1 mm HA particle may result from the blood content 
within the bottom slab of chicken breast. The co-registration of PA and US B-scan images helps to localize the HA and 
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Fig. 1 (a) Photograph of the uncovered chicken breast phantom, showing the placement of the HA particles and blood-
loaded tube; (d) Combined PA (b) and US (c) B-scan image indicating the origin of the PA signals in (b).  The US 
and PA B-scan images are both acquired at the same scanning position indicated by the dashed arrow line in (a), 
and displayed on 50- and 25-dB dynamic range, respectively. 
 
 
 In addition to B-scan, a C-scan was performed because it provided the three-dimensional (3D) spatial 
information which would be clinically valuable for the localization of the suspected lesion in image-guided breast 
biopsy. The PA signal profile of ~50 μm HA, 1 mm HA, and a blood loaded tube along the dashed arrow line in Fig. 
2(b) is plotted in Fig. 2(a). Fig. 2(b) is the maximum-amplitude projected PA C-scan image of the chicken breast 
phantom used in Fig. 1. It is displayed on 20-dB dynamic range. The strong surface signals are removed before the 
projection. Fig. 2(a) compares the PA signals from HAs and  blood. It is shown that PA signal from the ~1mm HA 
particle is about 3 dB larger than that from blood while the ~500 μm HA particle generates ~ 6dB less than that from 
blood.. The projected C-scan image in Fig. 2(b) reveals the distribution of the HA particles and blood-loaded tube inside 
the chicken breast phantom, which is identical to that shown in Fig. 1(a). 
 
Proc. of SPIE Vol. 7899  78992U-3
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/01/2013 Terms of Use: http://spiedl.org/terms
  
 
Fig. 2  (a) The PA signal profile of ~500 μm HA, 1 mm HA and a blood-loaded tube along the dashed arrow line in (b), 
in dB (b) Projected PA C-scan image of the chicken breast phantom used in Fig. 1, which is displayed on 20-dB 
dynamic range;. 
4. CONCLUDING REMARKS 
 For clinical studies, adaptation of an US array system for PA/US dual modality imaging can increase the 
imaging speed and even imaging depth. US array systems are able to accommodate signal dynamic range of HAs and 
blood shown in Fig. 2(a). The co-registration of the PA and US B-scan images allows clinicians to identify the 
anatomical locations of micro-calcifications, e.g. calcifications plugged in the center the breast ducts.  This is very 
important to determine the grade of DCIS in breast cancer staging. It is also possible to differentiate blood vessels from 
micro-calcifications by US Doppler or PA patterns of vessels in clinical situations. In addition, the 3D PA C-scan image 
could be projected to a standard 2D mammographic view, e.g. mediolateral oblique view for the head to head 
comparison with a mammogram, which is clinically meaningful for both breast screening and image-guided breast 
biopsy. In summary, we successfully demonstrated the capability of photoacoustic imaging of micro-calcifications. The 
projected C-scan image may potentially be adopted for non-radioactive population based breast screening.  In addition, it 
has been recognized that the composition of breast calcifications may give clues to their origin and that certain 
compositions may be more strongly associated with malignancy9. With molecular probe techniques for HAs10, the 
sensitivity and specificity of photoacoustic micro-calcification imaging can be further improved. Moreover, this would 
be a promising method to explore the biological roles of the HAs in the malignant process in vivo. Our future work will 
focus on improving the imaging depth for micro-calcifications with an US array system. 
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